This work evaluated the adsorption performance of a commercial granular activated carbon (GAC) for three naphthenic acids (NAs) model compounds. In single-compound adsorption, the saturation capacity (q m ) at pH 4 was 452.6 mg/g (1,4-cyclohexanedicarboxylic acid) > 357.9 mg/g (2-naphthoic acid) > 317.7 mg/g (diphenylacetic acid). Of all model NAs, adsorption of 1,4-cyclohexanedicarboxylic acid was the most negatively affected in multi-component adsorption at pH 4. The q m decreased significantly with increasing pH due to its effect on both carbon surface charge and dissociation of the NAs. An important finding was that the total amount of NAs adsorbed in multi-component adsorption at pH 4 (326 mg/g) was almost the same as that adsorbed at pH 8 (324 mg/g), indicating the potential of activated carbon adsorption for removal of mixture of NAs from the real oil sand process water, which is basic (pH~8) in nature.
INTRODUCTION
The Canadian oil sand deposits constitute approximately 97 % of Canada's total oil reserves (Birn and Khanna 2010) . The extraction of bitumen from the Canadian oil sands has thus far generated approximately 720 billion liters of oil sands process-affected water (OSPW), currently being stored in tailing ponds that cover approximately 170 km 2 (Schindler 2014) . OSPW is known to be acutely toxic to various organisms, due to the presence of naphthenic acids (NAs), polycyclic aromatic hydrocarbons (PAHs), naturally occurring radioactive minerals (NORMS), and other contaminants (BGC Engineering Inc. & Norwest Corporation 2012 , Allen 2008 . Many toxicological studies have outlined acute and chronic toxicity of OSPW (Allen 2008, Van den Heuvel et al. 1999 , Thomas et al. 2009 , Rogers et al. 2002 , Peters et al. 2006 , Leishman et al. 2013 , and indicated NAs to be the major contributor to the OSPW toxicity (Grewer et al. 2010) . Therefore, treatment technologies aiming to reduce OSPW toxicity have targeted at NA removal from the process water. The selective removal and recovery of NAs are of great interest due to their various commercial applications such as wood preservatives, lubricant additives, and wetting agents (Brient et al. 1955) . Recent successes in using petroleum coke (an inexpensive and abundant waste material) with or without activation as an adsorbent for removal of organics from wastewater brought attention to the use of adsorption processes for OSPW reclamation (Zubot et al. 2012 , Zamora et al. 2000 , Small et al. 2012 , Sarkar 2013 , Yuan et al. 2010 , Gamal El-Din et al. 2011 . Due to the difficulties *Author to whom all correspondence should be addressed. E-mail: mbhowmic@uwo.ca (M.B. Ray). associated with the isolation and identification of NAs from OSPW, previous adsorption studies conducted with real process water evaluated the adsorption performance of the adsorbents tested with respect to macroscopic water quality parameters such as total organic carbon (TOC) (Azad et al. 2013) , total acid-extractable organics (TAO), and reduction of toxicity by bioassay (Zubot et al. 2012) . However, in order to recover NAs and regenerate the spent adsorbents for large scale application, systematic batch studies using model naphthenic acids are required to determine the equilibrium capacity and kinetics of adsorption. The present study reports the results of three representative model NAs in both single-and multi-component adsorption on a commercial granular activated carbon (GAC). Based on the investigation of kinetics and equilibrium adsorption models, the effects of the most important process parameters, e.g., pH, are determined. The equilibrium and kinetics data on the mixture of these compounds have never been reported earlier.
MATERIALS AND METHODS
Naphthenic acids (NAs) are not well characterized and comprise a large group of saturated aliphatic and alicyclic carboxylic acids found in petroleum, oil sands bitumen, and crude oils (Brient et al. 1955) . In the scientific literature, NAs are described as monobasic alkylsubstituted and cycloaliphatic carboxylic acids with a general formula of C n H 2n+Z O 2 (Clemente and Fedorak 2005) . The diverse nature along with the unknown exact composition of the NAs present in OSPW (Clemente and Fedorak 2005) has made the selection of appropriate model compounds to accurately represent OSPW difficult. Based on earlier studies (Headley et al. 2013 , Frank et al. 2009 ), three model compounds were selected in this work, as shown in Table 1 . The model compound 1,4-cyclohexanedicarboxylic acid (Alfa Aesar, 98% purity, CAS No:1076-97-7) was selected due to its two carboxylic moieties that are presumed to be a product of bio-degradation in OSPW (Frank et al. 2009 ). 2-Naphthoic acid (Alfa Aesar, > 98% purity, CAS No: 93-09-04) was selected because of its similarity to the acidic compounds often found in crude oils (Zhang et al. 2005) , and diphenylacetic acid (Sigma Aldrich, 99% purity, CAS No: 117-34-0) was selected due to its aromaticity; both diphenylacetic acid and 2-naphthoic acid are bicyclic acids, which are abundant in both oil sand and petroleum derived NA mixtures (Jones et al. 2011 ). The selected NAs had similar molecular weights and acid dissociation constants (pK a ) ( Table 1 ). The acids purchased were in crystal form. Their water solubility values obtained from an online chemical data base are also reported in Table 1 .
The adsorbent used in this study was Norit ROW 0.8 SUPRA (CAS No. 7440-44-0), a granular activated carbon (GAC) produced by Cabot Corporation (Boston, MA, USA). The general characteristics of the GAC as provided mainly by the manufacturer are presented in Table 2 . Prior to use, the GAC was washed to remove fines and dried in a drying oven in air at 105 °C. The moisture of the dried carbon was assumed negligible and thus the weight of the carbon reported was on a dry basis. The particle size distribution of the washed carbon was determined using Helos/BR laser diffraction analyzer (Sympatec GmbH, Germany) and the results are presented in Table 2 , indicating that the average (X 50 ) particle size was around 700 μm.
The point of zero charge of the GAC was determined using the pH drift method (Schimmel et al. 2010) , where 50 mL of 0.1 M NaCl solution was adjusted to pH values between 3 and 11 by adding either HCl or NaOH, followed by the addition of 0.15 g GAC in the NaCl solution. The vials were then flushed with nitrogen gas, capped, and placed in an orbital shaker at 170 rpm for approximately 32 hrs at room temperature (23 °C). The final pH values were recorded using an Orion Star A111 pH bench-top meter and plotted against the initial pH. The point where pH initial = pH final is the point of zero charge, pH pzc , which is approximately 9.7 for the GAC as shown in Figure 1 .
Although the reported saturation solubility of 2-naphthoic acid is around 260 mg/L, concentrations above 50 mg/L would re-crystallize when kept at room temperature, which was not the case for other two NAs. Therefore, the initial concentration for each naphthenic acid used in the single compound experiments was 40 mg/L. This concentration is in the range of reported NAs concentration (40-120 mg/L) in OSPW (Frank et al. 2009 ). For the multi-component solutions made with the three NAs, the concentration of each NA was 40 mg/L, with the total NA concentration of 120 mg/L. The natural pH of all the NAs solution at 40 mg/L was around 4.0. For tests with solution at pH 7, 8, 9 ± 0.05, 0.05 M NaOH was added to adjust the pH value of the solution. 
Analysis
A Shimadzu UV-3600, UV-VIS-NIR spectrophotometer, was used to determine the UV-VIS absorption spectra of the model NAs. Two Starna Far UV Quartz Cells of 3.5 mL and 10 mm path length were used. The UV absorption spectrum of 2-naphthoic acid and diphenylacetic acid showed a peak for the carboxyl moiety, and triple peaks for the benzene rings. The maximum absorbance of the benzene moiety occurs at 280 nm, while that for the carboxyl moiety occurs at 188 nm. Thus, these two wavelengths were used in the UV-VIS detector of the HPLC to determine the concentration of the NAs. A Dionex ICS-3000 was used in an HPLC configuration to detect the model NAs using an Acclaim Fast LC Column 120 C18, 3 × 75 mm (Thermo Scientific Inc., Mississauga, ON, Canada). The mobile phase used was a 47 % acetonitrile (A955-4 Optima LC/MS, Fisher Scientific, Ottawa, ON, Canada) and 53 % water (MilliQ) solution. The mobile phase was acidified with sulfuric acid (Caledon Laboratories Ltd., reagent grade 98.0 %, CAS No. 7664-93-9) to pH 2.15, in order to ensure that the acids in the samples were in their protonated forms. The acidified mobile phase was filtered using a vacuum filtration apparatus with a 47 mm polytetrafluoroethylene (PTFE) disk filter with pore size of 0.20 μm. The PTFE filter was first conditioned with 10 mL of methanol to wet the hydrophobic material, prior to mobile phase filtration.
Batch Adsorption Experiments
Preliminary experiments indicated that the adsorption equilibrium was reached within 48 hrs, and the optimum mixing speed of the orbital shaker to be 170 rpm at which the solute transfer in the bulk solution and diffusion through the liquid film around the adsorbent were no longer limiting the adsorption kinetics. Thereafter, all batch adsorption experiments were performed in 500 mL Erlenmeyer flasks, with 175 mL of solution, placed in an orbital shaker at 170 rpm and 23 °C. the kinetic experiments, ten samples of 1 mL were withdrawn from the flasks at 5 min, 15 min, 30 min, 1 hr, 2 hr, 4 hr, 6 hr, 8 hr, 24 hr, and 48 hr. Sampling represented a total reduction in experimental volume of less than 6 %, which was deemed acceptable. Samples were filtered through 0.45 μm nylon syringe filters for subsequent analysis in the HPLC analyzer mentioned above. The adsorbed amount of NAs was calculated according to:
where C o and C e are the initial and equilibrium concentrations (mg/L) of NAs, respectively; V is the volume of solution (L); w is the mass of GAC used (g). The isotherm curves were analyzed using the classification framework of Gilles et al. (Gilles et al. 1974 , Gilles et al. 1960 . Adsorption equilibrium experiments were conducted by varying the carbon loading in the range of 57-580 mg/L, while maintaining the initial concentration of the individual NAs fixed at 40 mg/L. Initially adsorption experiments were first conducted in triplicates using the model NAs, and the experimental errors were determined. In general adsorption experiments conducted at higher pH of 7 and 8 showed somewhat higher fluctuations in concentration data; however, the maximum error was found to be less than 5 %. It was thus deemed acceptable to conduct all adsorption experiments in duplicates and all the reported values in this paper are the averages of two experiments.
RESULTS AND DISCUSSION

Single Compound Adsorption
The typical concentration vs. time plot for the adsorption of the model naphthenic acids at pH 4 (natural pH of the naphthenic acid solution at 40 mg/L) is shown in Figure 2 . The maximum percentage removal occurred within the first 8 hrs (480 min) and steadily declined until equilibrium was reached around 48 hr (2880 min). Based on the percentage removal for single compound adsorption, the relative affinity of the model compounds to the GAC was 1,4cylohexanedicarboxylic acid (70 %) > 2-naphthoic acid (50 %) > diphenlyacetic acid (25 %). Considering the relatively low carbon loading of only 57 mg/L, the adsorption affinity of the NAs to commercial GAC was significant. Of the three NAs, 1,4 cyclohexanedicarboxylic acid showed the highest affinity to the GAC.
To investigate adsorption isotherms, the following isotherm models were tested in this study: Langmuir, Freundlich, and the Langmuir-Freundlich (Sips) models, as presented in Table 3 . In order to fit the models to the experimental data in Figure 3a -3c, nonlinear regression using the curve fitting toolbox in MatLab R2014b (Version 8.3) was employed. This method was preferred as the algebraic manipulation of models, transforming non-linear models to their linear forms was found to distort results in some cases (Hamdaoui and Naffrechoux 2007) .
The resulting adsorption isotherms of the three model compounds along with the three fitted models at pH 4 are presented in Figure 3a-3c . Although, different error functions were used to determine the goodness of fit of the models (Martinez-Iglesias 2015), only R 2 values are reported in Table 4 along with the corresponding best fitted model and the saturation capacity (q m ) of the GAC. The Langmuir model, which assumes a homogeneous surface, did not fit the experimental data very well compared with the other two models (Freundlich, and the Langmuir-Freundlich), as the surface
of the activated carbon is mostly heterogeneous. The heterogeneous models used were better able to approximate the adsorption isotherms as can be seen in Table 4 . The q m for 1,4 cyclohexanedicarboxylic acid at higher pH is not reported in Table 4 as none of the isotherm models fitted well the experimental data of 1,4-cyclohexanedicarboxylic acid obtained at pH 7, 8, and 9. The initial pH of the solution affected adsorption significantly as the properties of both GAC (i.e. surface charge) and NAs (i.e. dissociation) vary with solution pH. The adsorption affinity decreased with increasing solution pH as can be seen in Table 4 . It is probably due to the change in the GAC surface charge that occurred with changing pH. For solutions with lower pH than the point of zero charge (pH pzc 9.7 for the GAC as shown in Figure 1) , the GAC had a positive surface charge which favored the adsorption of anions; however, changes in pH also had an effect on the dissociation of the . Therefore, both the dissociated and the un-dissociated forms of NAs were adsorbed due to electrostatic and van der Waals' forces, respectively; albeit with a preferential adsorption of the un-dissociated forms (Hamdaoui and Naffrechoux 2007, Menéndez et al. 1996) . For 2-naphthoic acid (Figure 3a ), the isotherm profile shows large initial slope, thus adhering to the H-class isotherm as defined by Giles et al (Giles et al. 1974 , Giles et al. 1960 . For diphenylacetic acid (Figure 3b) , it was observed that at pH 4 the adsorption isotherm was similar to that of an L-class isotherm, the most commonly found isotherm profile. Ionic species adsorbing on an oppositely charged surface often produces this type of isotherm with a long plateau indicating the difficulty of formation of a second layer because of repulsion between the adsorbed charged species and the approaching charged species from the solution (Giles et al. 1974) . Equilibrium adsorption data of 1,4-cyclohexanedicarboxylic acid ( Figure 3c ) followed an S-class isotherm, exhibiting a significant vertical portion where adsorption capacity increased dramatically with surface coverage. This sudden increase in q e is typical for adsorbates undergoing cooperative adsorption. In cooperative adsorption, solute molecules tend to be adsorbed packed in rows or clusters, which is typically found with planar aromatic molecules such as benzene and naphthalene. Although 1,4-cyclohexanedicarboxylic acid is not planar, hydrogen bonding between molecules played a role in making a 3D supra-molecular architecture, allowing much better adsorption of 1,4cyclohexanedicarboxylic acid. Similar co-operative adsorption was found for several proteins namely lysozyme (LYZ), bovine serum albumin (BSA), human holo transferrin (HHT), and bovine milk lactoferrin (BML) onto calcium hydroxyapatite (HA) (Luo and Andrade, 1998). Co-operative adsorption originates from the macromolecular nature and from multiple functional groups, which usually result in multiple interactions. Hill plots for such adsorptive system shows typical inflection points where much higher adsorption occurs at a certain equilibrium concentration (around 10 mg/L in this work as shown in Figure 3c ) where hydrogen bonding between layers of 1,4-cyclohexanedicarboxylic acid contributed to the much higher adsorption (Colvin, 1954) . On the other hand, effect of pH on the adsorption of 1,4-cyclohexanedicarboxylic acid was not very significant, as it exhibited more or less similar adsorption capacity at higher pH, where complete deprotonation must have occurred at pH 7, 8, and 9. It seems that cooperative adsorption of the carboxylate anions might have also occurred which could not be substantiated without further analysis of the surface. The absence of interaction term, necessary for cooperative adsorption in the models investigated may explain their failure to fit the data at elevated pH values. Models which take into account these molecular interactions such as the Fowler-Guggenheim model should be further investigated (Hamdaoui and Naffrechoux 2007) . The q m (at pH 4) for 1,4-cyclohexanedicarboxylic acid was the highest at 452.6 mg/g > 2-naphthoic acid at 357.9 mg/g> diphenylacetic acid at 317.7 mg/g. Comparing adsorption capacities for various adsorbate-adsorbent combinations that varied between 10-872 mg/g (Small et al. 2012 , Martinez-Iglesias 2015 , Po and Senozan 2001 , it can be inferred that the equilibrium capacity of the GAC for NAs, which varied between 317.7 -452.6 mg/g was excellent.
The pseudo-first order (PFO) and pseudo-second order (PSO) semi-empirical kinetic models, as shown in Table 5 , were used to fit the experimental data presented in Figure 4 .
Both PFO and PSO models were able to fit the experimental data with reasonable accuracy. As mentioned earlier, the adsorption experiments were conducted at an optimum mixing speed eliminating the external mass transfer limitation. At pH 4, depending on the carbon loading, the pseudo-first order rate constant k 1 for 2-naphthoic acid varied from 1.23 . 10 −3 min −1 to 7.69 . 10 −3 min −1 , while k 1 varied from 8.93 . 10 −4 min −1 to 3.61 . 10 −3 min −1 and 1.45 . 10 −3 min −1 to 3.83 . 10 -3 min -1 for diphenylacetic acid and 1,4-cyclohexanedicarboxylic acid, respectively. The pseudo-second order rate constant k 2 at pH 4 for 2-naphthoic acid varied from 2.00 . 10 −6 to 9.99 . 10 −5 (g mg −1 min −1 ). For diphenylacetic acid and 1, 4-cyclohexanedicarboxylic acid it varied 888 Ray/Adsorption Science & Technology Vol. 33 No. 10 2014 
Since the model rate constants are not the intrinsic adsorption rate constants, and varied with carbon loading, a new parameter, the system response time, taken to be the time needed to reach 63 % of the equilibrium capacity (q e ), was introduced to gain further insight into the kinetics of NA adsorption onto the adsorbent. It was found that the system response time had a weaker dependence on pH compared to the surface coverage:
( Figure 5 ), suggesting slower adsorption rate with increasing surface coverage. This slowing rate of adsorption kinetics is likely due to the increasing rate of desorption (k d ). These results suggest that solution pH had less effect on the adsorption kinetics, while equilibrium adsorption was affected significantly by the pH.
Multi-Component Adsorption
As expected, adsorption of all model NAs decreased in the multi-component system as shown in Figure 6a -6c. 1,4-cyclohexanedicarboxylic acid was the most negatively affected, being the least removed of the model NAs in multi-component adsorption. Considering the kinetics of adsorption, it can be seen that the kinetic constants of 1,4-cyclohexanedicarboxylic acid were the lowest of all three NAs. Therefore, in multi-component adsorption at pH 4, it faced higher competition compared to 2-naphthoic acid and diphenylacetic acid. As is shown in Figure 6c , 1,4cyclohexanedicarboxylic acid had a marked change in its adsorption isotherm profile. It shifted from an S-class isotherm (cooperative adsorption) in single-compound adsorption to an L-class exhibiting a standard increase to a maximum value followed by a slight drop in capacity. Figure 7 illustrates the multi-component adsorption isotherm of the model NAs at pH 4 and pH 8. Interestingly, being much different from that was shown at pH 4 (Figure 7a ), multi-component adsorption of 1,4-cyclohexanedicarboxylic acid at pH 8 ( Figure 7b ) and 9 (results at pH 9 are not shown) exhibited the co-operative adsorption again within the narrow range of C e of 22-23 mg/L as shown in Figure 7b . The presence of co-operative adsorption may corroborate the anomalous behavior observed in OSPW acid fraction adsorption reported by some researchers (Small et al. 2012) . Oxygenated NAs with multiple carboxyl groups due to biodegradation may have a tendency for cooperative adsorption. At an increased pH, the adsorption capacity of both 2-naphthoic acid and diphenylacetic acid was greatly suppressed while greater extent of adsorption of 1,4- cyclohexanedicarboxylic acid is due to its cooperative adsorption as mentioned earlier. At pH 8, most of the carboxylic acid group on 1,4-cyclohexanedicarboxylic acid is dissociated; electrostatic attraction between carboxylate anion the positive surface as well as hydrogen bonding with protonated acid causes more adsorption of 1,4-cyclohexanedicarboxylic acid. Similar vertical increase was seen by Colvin (1952) in the binding of methyl orange, orange II, and 2,4-dinitro-1naphthol-7-sulphonic acid by protamine sulphate at pH 5.5 due to co-operative adsorption. The drop in adsorption at higher equilibrium concentration is probably due to repulsion between the adsorbed carboxylate ions and the corresponding ions in solution. Another important finding from Figure 7 is that the total amount of NAs adsorbed in multi-component adsorption at pH 4 (326 mg/g) was almost the same as that adsorbed at pH 8 (324 mg/g), although with the change in selectivity of the compounds adsorbed. The above results demonstrate the promise of activated carbon adsorption for removal of NAs from the real OSPW which is basic (pH 8) in nature (Allen 2008). Figure 8 gives a comparison between the adsorbent capacity of single compound and multicompound adsorption vs. change in pH for 2-naphthoic acid (Figure 8a ) and diphenylacetic acid (Figure 8b) . The reduction in q m as a function of pH for both 2-naphthoic acid and diphenylacetic acid is clearly shown, particularly in single compound adsorption. For example, in single compound adsorption the reduction in q m with increasing pH from 4 to 9 was approximately 50%;
Adsorption of Model Naphthenic Acids in Water with Granular Activated Carbon 891 from 358 to 180 mg/g and 318 to 158 mg/g, for 2-naphthoic acid and diphenylacetic acid, respectively. A reduction in q m with increasing pH was also observed for each compound in multicomponent adsorption. In multi-component adsorption the saturation capacity q m for 2-naphthoic acid decreased from 190 mg/g at pH 4 to 165 mg/g at pH 8 and then surprisingly increased to 217 mg/g at pH 9 (Figure 8a) . The cause of such increase of q m for multi-component adsorption of 2-naphthoic acid at pH 9 needs to be explored in future work. For multi-component adsorption of diphenylacetic acid, the saturation capacity decreased from 107 mg/g to 49 mg/g as expected.
Similar reductions in adsorbent capacities with increased pH have been found with other organic compounds (Muller et al. 1980; Newcombea et al.1993; Aldegs et al. 2008; Schimmel et al. 2010 ).
CONCLUSIONS
Granular activated carbon performed well as an adsorbent for the removal of three model naphthenic acids namely 2-naphthoic acid, diphenylacetic acid and 1, 4-cyclohexanedicarboxylic acid from water. The major conclusions are summarized as follows: 
